Subcortical white matter injury is often accompanied by orofacial motor dysfunction, but little is known about the structural substrates accounting for these common neurological deficits. We studied the trajectory of the corticobulbar projection from the orofacial region of the primary (M1), ventrolateral (LPMCv), supplementary (M2), rostral cingulate (M3) and caudal cingulate (M4) motor regions through the corona radiata (CR), internal capsule (IC) and crus cerebri of the cerebral peduncle (ccCP). In the CR each pathway was segregated. Medial motor area fibers (M2/M3/M4) arched over the caudate and lateral motor area fibers (M1/LPMCv) curved over the putamen. At superior IC levels, the pathways were widespread, involving the anterior limb, genu and posterior limb with the M3 projection located anteriorly, followed posteriorly by projections from M2, LPMCv, M4 and M1, respectively. Inferiorly, all pathways maintained this orientation but shifted posteriorly, with adjacent fiber bundles overlapping minimally. In the ccCP, M3 fibers were located medially and M1 fibers centromedially, with M2, LPMCv, and M4 pathways overlapping in between. Finally, at inferior ccCP levels, all pathways overlapped. Following CR and superior IC lesions, the dispersed pathway distribution may correlate with acute orofacial dysfunction with spared pathways contributing to orofacial motor recovery. In contrast, the gradually commixed nature of pathway representation inferiorly may enhance fiber vulnerability and correlate with severe, prolonged deficits following lower subcortical and midbrain injury. Additionally, in humans these findings may assist in interpreting orofacial movements evoked during deep brain stimulation, and neuroimaging tractography efforts to localize descending orofacial motor pathways.
| I N TR ODU C TI ON
Subcortical white matter damage produced by ischemic stroke or related cerebrovascular accidents often give rise to deficits associated with cranial nerve motor function. Common neurological impairments include facial paresis as well as tongue, mandibular, pharyngeal, and laryngeal dysfunction. In isolation, or in various combinations these symptoms can lead to dysphagia, dysarthria, malnutrition, dehydration, airway obstruction, and death (Bahia, Mourão, & Chun, 2016; Daniels, Brailey, Priestly, Weisberg, & Foundas, 1998; Daniels & Foundas, 1997; Galovic et al., 2013; Kumral, Celebisoy, Celebisoy, Canbaz, & Calli, 2007; Leder & Espinosa, 2002; Miller, 1999 Miller, , 2008 Nunes et al., 2012; Smithard et al., 1996; Urban, Hopf, Fleischer, Zorowka, & M€ uller-Forell, 1997; Urban, Wicht, Hopf, Fleischer, & Nickel, 1999) . Underlying these severe and debilitating clinical consequences is the presumed disruption of descending axons destined for the brainstem reticular formation, and corticobulbar fibers directly innervating cranial nerve motor nuclei. The latter is of particular importance because direct cortical input to brainstem motoneurons is a unique higher-order primate trait of motor control, and a critical substrate for the production of precise and highly coordinated orofacial movements (Kuypers, 1956 (Kuypers, , 1958a (Kuypers, , 1958b (Kuypers, , 1958c (Kuypers, , 1981 . However, little is known about the subcortical anatomical trajectory of the corticobulbar projection in the primate brain, particularly at the level of the corona radiata and internal capsule which are both common targets of subcortical white matter injury. Indeed, our understanding of somatotopic organization of axon fiber representation in the internal capsule (IC) remains limited, continuing to emphasize the traditional view that orofacial representation resides in the genu of the internal capsule (e.g., Adams, Victor, & Ropper, 1997; Brazis, Masdeu, & Biller, 2011; Campbell, 2013; Standring, 2016) .
Supporting this classical conception are clinical observations reporting that damage to the genu of the internal capsule results in facial muscle and tongue dysfunction and the allied emergence of dysarthria and dysphasia (e.g., Bogousslavsky & Regli, 1990; Chung et al., 2000; Rousseaux, Lesoin, & Quint, 1987; Tatemichi, Desmond, Prohovnik, Cross, Gropen, Mohr, & Stern, 1992; Tredici, Pizzini, Bogliun, & Tagliabue, 1982; Urban, Hopf, Connemann, Hundemer, & Koehler, 1996; Urban et al., 1997 ). Yet orofacial deficits also accompany internal capsule injury involving the anterior limb (Adams, Damasio, Putman, & Damasio, 1983; Caplan et al., 1990; Ichikawa & Kageyama, 1991; Kumral et al., 2007; Maestroni et al., 2006; Ozaki, Baba, Narita, Matsunaga, & Takebe, 1986) and posterior limb (Ghika, Bogousslavsky, & Regli, 1989; Gillingham, 1962; Helgason, Caplan, Goodwin, & Hedges, 1986; Northam et al., 2012; Titelbaum, Sodha, & Moonis, 2010; Tredici et al., 1982; Urban et al., 2001; Yim et al., 2013) , indicating transiting pathway trajectories, and possibly, more widespread orofacial fiber representation than currently recognized.
Some support for this notion stems from a non-human primate study utilizing radiolabeled amino acids to trace descending projections to the pons (Schmahmann, Rosene, & Pandya, 2004) . It was reported that fibers from the face representation of the primary motor cortex (M1) and face representation of the supplementary motor cortex (M2) occupy different regions of the internal capsule. The projection from M2 was described as passing through the anterior limb of the internal capsule, then genu, whereas the orofacial projection from M1 was reported to pass through the posterior limb of the internal capsule.
Within the crus cerebri of the midbrain cerebral peduncle (ccCP), M2 face fibers were found to be more medial than fibers from the M1 face region. What remains unknown is the course of the descending corticobulbar projection from the orofacial regions of the ventrolateral premotor cortex (LPMCv), rostral cingulate motor cortex (M3), and caudal cingulate motor cortex (M4). Underscoring the importance of localizing all of these descending pathways is evidence from multiple non-human primate studies demonstrating that the orofacial region of all five cortical motor areas gives rise to terminal projections ending in multiple cranial nerve motor nuclei including the facial nucleus (Gong, DeCuypere, Zhao, & LeDoux, 2005; Jenny & Saper, 1987; Kuypers, 1958a; Morecraft, Louie, Herrick, & Morecraft-Stilwell, 2001; Morecraft, Schroeder, & Keifer, 1996; Simonyan & J€ urgens, 2003) , hypoglossal nucleus (Kuypers, 1958a; Morecraft, Stilwell-Morecraft, Solon-Cline, Ge, & Darling, 2014) , and trigeminal motor nucleus (Kuypers, 1958a; Morecraft et al., in preparation) . Furthermore, the spatial relationships among the pathways emanating from all five orofacial cortical representations, and the degree of potential subcortical pathway overlap remains unknown, as is the location of the corticobulbar projection from M3, M4, and LPMCv through the midbrain ccCP.
The implications of these questions relate not only to the fundamental problem of orofacial fiber localization, but also to recent experimental evidence on upper extremity pathway organization. Our previous non-human primate study has shown that fiber pathways emerging from the arm representation of the same five motor regions (M1, LPMCd, M2, M3, and M4) are located in widespread regions of the CR (Morecraft et al., 2002) . Progressing into the territory of the IC, these fibers systems remain relatively dispersed occupying the anterior limb, genu, and posterior limb (Fries, Danek, Scheidtmann, & Hamburger, 1993; Morecraft et al., 2002) . However, at lower IC levels and within the ccCP, these pathways gradually shift in location and the extent of overlap between neighboring fiber tracts increase (Morecraft et al., 2002; Morecraft, McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007) . Thus, somatotopic organization of descending motor pathways may be more complex than currently interpreted and orofacial and arm pathways from different motor areas may overlap. Examining the spatial relationships between orofacial and arm representation in the IC with multiple tract tracers in the same animal experiment may shed light on this issue. Clinically, this information could be useful for interpreting motor response patterns accompanying deep brain stimulation (DBS) in the IC region, including overlapping somatotopic representation, co-activation of tongue, face and arm responses, and motorrelated side effects (Beric et al., 2001; Bertrand, Blundell, & Musella, 1965; Costa, Valls-Sol e, Valldeoriola, Rumi a, & Tolosa, 2007; Duerden, Finnis, Peters, & Sadikot, 2011; Hanaway et al., 1977; Hardy, Bertrand, & Thompson, 1979; Wichmann & DeLong, 2006; Xu et al., 2011) . Such information may also be beneficial for interpreting diffusion
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The Journal of Comparative Neurology tractography findings in the human focusing on corticobulbar pathway organization (e.g., Holodny et al., 2005a,b; Pan, Peck, Young, & Holodny, 2012; Yim et al., 2013) . Therefore, the purpose of the current study was to investigate the course of descending axonal projections from the frontal and cingulate orofacial regions through the coronal radiata, internal capsule, and midbrain crus cerebri. We also compared the descending trajectory of orofacial representation to the descending trajectory of arm representation in M1, M2, and M3 using multiple tract tracing approaches in the same experimental brain. Furthermore, we examined the relationship of descending projections originating from the dorsal part of the M1 orofacial representation (primarily face region) and ventral part of the M1 orofacial representation (primarily tongue region) in the same manner. High-resolution anterograde dextran tract tracers were used in various combinations in the rhesus monkey brain to accomplish these goals.
| M A TE RI A L S A ND M E TH ODS
The trajectory of the descending projection from the orofacial region of M1, LPMCv, M2, M3, and M4 was studied in the corona radiata, internal capsule, and midbrain crus cerebri using 17 cerebral cortical injection sites in the brain of 11 rhesus monkeys (Macaca mulatta) ( Table 1) . Localization of descending projections from the arm region of M1, M2, and M3 were also studied using four additional injection sites for comparisons to orofacial pathway representation (Table 1) . The trajectories were examined from experimental material prepared in both horizontal and coronal planes. All applied experimental and surgical procedures followed United States Department of Agriculture, National Institutes of Health, and Society for Neuroscience guidelines for the ethical treatment of animals and were approved by the Institutional Animal Care and Use Committee at The University of South Dakota. A brief description of the experimental methods used to accomplish the goals of this study are provided below.
| Neurosurgical exposure and cortical tract tracer injection
All neurosurgical procedures were performed under aseptic conditions. Preoperatively, each monkey was immobilized with atropine (0.5 mg/ kg) then ketamine hydrochloride (10 mg/kg). Each subject was intubated, placed on a mechanical ventilator and anesthetized with either pentobarbital (early cases), or a mixture of 1.0-1.5% isoflurane and surgical grade air/oxygen. Mannitol was administered intravenously (1.0-1.5 g/kg) to reduce overall cortical volume and enhance surgical accessibility of the cortex. The method of neurosurgical exposure of the medial and lateral surfaces of the cerebral cortex and subsequent wound closure have been reported (Morecraft et al., 2013 (Morecraft et al., , 2014 (Morecraft et al., , 2015a . Electrophysiological microstimulation was used in combination with ketamine (10 mg/kg) and diazepam (1.0 mg/kg) to map M1, LPMC, and M2 as described in previous reports (McNeal et al., 2010; Morecraft et al., 2013 Morecraft et al., , 2014 . Anatomical landmarks were used to localize the rostral (M3) and caudal (M4) cingulate motor regions in the lower bank of the cingulate sulcus (Morecraft et al., 1996 (Morecraft et al., , 2001 (Morecraft et al., , 2002 .
In all experiments, multiple tract tracer injections were made 3-4 mm below the cortical surface using a surgical microscope and Hamilton microsyringe secured to a Kopf micromanipulator (Morecraft et al., 2013 
| Tissue processing
Following a survival period of 26-35 days after tract tracer injection (Table 1) This experimental design was implemented so that findings from our study could potentially be applied, or compared to tractography observations in the corona radiata, capsular region, and ventral midbrain obtained in the standard human MR axial plane (Kim, Ahn, Chung, & Kim, 2009; Talairach & Tournoux, 1988; Weiss et al., 2003) . Each brainstem was blocked from the CNS, frozen with dry ice and cut horizontally on the microtome at a thickness of 50 mm in cycles of 5, 7, or 10. For both the cortex and brainstem, one series of tissue sections was mounted on subbed slides, dried and subsequently stained with thionin for Nissl substance.
For tract tracer visualization under brightfield illumination, one series of tissue sections through the cortex and brainstem was immunohistochemically processed for BDA alone, then several additional series of tissue sections were processed for double labeling of tract tracer (e.g., BDA 1 LYD; BDA 1 FD) as described in our previous studies (Morecraft, McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007; Morecraft et al. 2013 Morecraft et al. , 2014 . In double labeled preparations one tracer was stained brown, and the other was stained either blue or black (Figures 1 and 2 ). Once processed, the tissue sections were mounted on subbed slides, dried overnight, and coverslipped using Permount.
In cases where brain tissue was processed for fluorescent visual- the slides were removed from refrigeration, allowed to reach room temperature, then coverslipped with D.P.X. mounting medium (Aldrich Chemical Company, Milwaukee, WI) and stored at 48C (Morecraft, Geula, & Mesulam, 1992; Morecraft et al., 2012; Morecraft, StilwellMorecraft, Ge, Cipolloni, & Pandya, 2015b) .
| Data analysis
Localization of the cortical injection site and descending labeled fibers was accomplished using brightfield or fluorescent illumination on a BX- 
| Data reconstruction and presentation
Using the coverslipped tissue sections, publication quality images of injection sites and labeled fibers were captured under appropriate lighting conditions (brightfield or fluorescent) using a Spotflex 64 Mp shifting pixel camera, (Diagnostic Instruments Inc., Sterling Heights, MI, version 4.6), mounted on a Olympus BX51 microscope (Figures 1-3 ).
Photographic montages of the injection sites and labeled fibers were made with this material using Adobe PhotoShop 7.0 (Adobe Systems Inc., San Jose, CA). Only brightness and contrast were adjusted in the original images. To illustrate the locations of the injection sites, cortical reconstructions were developed as previously described using metrically calibrated photographic images of the cortical surface (Morecraft & Van Hoesen, 1992 .
| R ESU L TS
The majority of injection sites used in the present study were located in the orofacial region of the frontal or cingulate motor cortex (Table 1) . . Note that the injection site was largely confined to the cortical surface and did not spread to involve area 44 in the depths of the arcuate sulcus which has been shown by comparative cytoarchitectonic analysis (Petrides & Pandya, 2002) and by functional microstimulation (Petrides, Cadoret, & Mackey, 2005) to be homologous to Broca's area. The black arrow identifies a distinct band of labeled BDA fibers emerging from the injection site that is coursing medially and over the claustrum (cl) to eventually enter the corona radiata. (h) Coronal section from case SDM22 showing descending BDA labeled fibers originating from the LPMCv orofacial region passing through mid-levels of the internal capsule. Note the primarily lateral disposition of the main bundle lying adjacent to the putamen and globus pallidus. The inset is a higher magnification of labeled fibers from the IC location marked by the asterisk. (i) Transverse section showing descending BDA labeled fibers passing through mid-levels of the midbrain in case SDM22. Note the primary concentration of labeled fibers is located within the centromedial sector of the ccCP (external limits marked by the black arrowheads). The inset is a higher magnification of labeled fibers marked by the asterisk. The anatomical orientation shown in bottom left of panel a applies to panels a-e and the anatomical orientation shown in bottom right of panel f applies to panels f-i. Scale bar 5 2 mm in a (applies to d, g); 500 mm in b; 200 mm in c; 1 mm in e (applies to f, h, i). c 5 central sector of the ccCP; ccCP 5 crus cerebri of the cerebral peduncle; cis 5 circular sulcus; cl 5 claustrum; cm 5 centromedial sector of the ccCP; cs 5 central sulcus; gp 5 globus pallidus; l 5 lateral sector of the ccCP; IC 5 internal capsule; III 5 occulomotor nerve; ilas 5 inferior limb of the arcuate sulcus; m 5 medial sector of the ccCP; pn 5 pontine nuclei; pu 5 putamen; sn 5 substantia nigra; th 5 thalamus.
This somatotopic affiliation was determined by anatomical or physiological criteria (Morecraft & Van Hoesen, 1992; Morecraft, Louie, Herrick, & Morecraft-Stilwell, 2001; Morecraft et al., 2014) and verified in all cases by the presence of terminal axon labeling in the facial nucleus (Morecraft et al., 2001) , hypoglossal nucleus (Morecraft et al., 2014) , and trigeminal motor nucleus (Morecraft et al., in preparation) .
Detailed descriptions of each injection site have been published (i.e., for cases SDM14, SDM19, and SDM22 see Morecraft et al., 2001;  for cases SDM32, SDM35, SDM36, SDM43, and SDM66 see Morecraft et al., 2014 ; for cases SDM57 and SDM61 see Morecraft, McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007) . Below we describe the descending orofacial pathways originating from the lateral motor areas followed by the medial motor areas. Finally, we describe the outcome of experiments designed to compare the locations of orofacial pathways to arm pathways. The M1 orofacial pathway was also studied in three additional monkey cases (SDM22, SDM32, and SDM66; Figure 8 (top); Table 1) histologically prepared in the coronal plane and corroborated the major features found in cases SDM14-PHAL and SDM19-LYD described above. What was particularly prominent in the coronal dimension was the anatomical organization of fibers coursing medially in the corona radiata and over the putamen to enter the IC. Notably, in case SDM32, 2 different high-resolution tracers were placed in the orofacial region of M1. One tracer was placed dorsally that involved primarily the M1 face region (SDM32-BDA), and the second tracer (SDM32-FD) was injected ventrally, that involved primarily the M1 tongue region ( Figure   8 ; Table 1 ; see also Morecraft et al., 2014, Figure 4a ). In the CR, BDA labeled fibers emerging from the more dorsally located injection slightly descended to take a medial course toward the corpus callosum In the double labeling experiment (case SDM32), there was extensive FIGU RE 3. showing the extensive matrix of interlaced FR labeled axon bundles in the superior region of the internal capsule just after passing around the caudate nucleus to gain access into the IC (see horizontal level f in Figure 7 ). The double headed arrows indicate the general trajectory of the FR labeled fascicles with those coursing horizontally pointing to the left and those fascicles coursing inferiorly pointing downward and slightly to the right. Scale bar 5 1 mm in a (also applies to c); 50 mm in b; 100 mm in d (also applies to f); 1 mm in e (also applies to g); 200 mm in h. cs 5 central sulcus; ihf 5 interhemispheric fissure.
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The Journal of Comparative Neurology intermingling of FD and BDA labeled fibers from the orofacial region of M1 that followed the same general course described above.
| Trajectory of LPMCv orofacial fibers 3.2.1 | Corona radiata and internal capsule
Four experimental cases were used to evaluate the descending projection from LPMCv, one histologically prepared in the horizontal plane (injection SDM14-FD) (Figures 3a and 4) , and three prepared in the coronal plane (injection SDM22-BDA, SDM57-BDA, and SDM61-BDA) (Figures 1g and   8 ). First, the results of injections placed into the ventral (orofacial) region of LPMCv will be described (cases SDM14-BDA, case SDM22-BDA).
Then we will describe the findings from the injections placed in the dorsal (orofacial/arm) region of LPMCv (cases SDM57-BDA and SDM61-BDA).
A large and dense bundle of labeled fibers emerged below the ventral LPMCv orofacial area and turned medially to arch over the , and M4 in case SDM14 studied through the corona radiata and internal capsule upper-most level of the midbrain. Sections are shown from superior (a) to inferior (l) and the location of each level with respect to the intact cerebral cortex is depicted in Figure 4 . Each injection site is color coded and specifically identified by tract tracer and motor area (e.g., dark blue, PHAL-M1). Each respective descending fiber bundle is identified by a corresponding colored outline that matches the appropriate colorcoded motor area injection site. Note the vacated space in the IC between the M3 and LPMCv fiber pathway (horizontal levels g-k), which based upon the results from case SDM19 (Figure 7 ) would likely have accommodated the M2 orofacial tract. For abbreviations: see list claustrum/anterior insula/circular sulcus region (Figures 1g and 5g-i) .
From a horizontal view, the position was directly anterior to the M1 orofacial pathway with little to no overlap as determined in monkey SDM14 (Figure 5g-i) . While continuing its medial/midline migration, the main trajectory of the LPMCv axon bundle gradually coursed superiorly (Figure 5d ), then curved over the dorsal surface of the putamen ( Figure   5e ) to enter the internal capsule (IC) (Figures 3b and 5f ). 
| Midbrain cerebral peduncle
In the midbrain, ventral LPMCv fibers occupied the centromedial sector of the ccCP at superior levels (Figures 5l and 10a) . Progressing to involve the medial and centromedial sectors as previously reported (Morecraft, McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007) . BDA 5 biotinylated dextran amine; ca 5 caudate nucleus; cis 5 circular sulcus; cl 5 claustrum; CR 5 corona radiata; gp 5 globus pallidus; IC 5 internal capsule; ins 5 insula; pu 5 putamen major portion of the M2 arm representation (Figures 6 and 8) . The spatial relationship between the descending pathways arising from these paired injection sites (e.g., the M2 arm area trajectory versus M2 arm/ orofacial area trajectory in Case SDM19) will be reported later in the "Results" section.
As noted in the horizontal dimension, the major fiber bundle arising from the M2 orofacial injection site curved caudally in the CR (Figure 7a,b) . Continuing on this course, the pathway gradually descended, (Figure 7l ).
At superior midbrain levels, orofacial M2 fibers occupied the centrome- Arching over the cingulum bundle, and with an immediate downward trajectory, the fibers coursed posteriorly in the CR (Figure 5b-d) . At a similar stage of subcortical passage, the M3 labeled fibers appeared much lower in the CR when compared to the path taken by orofacial fibers from M2 (Figure 7c,d ). As the labeled bundle approached the rostral pole, or head of the caudate nucleus, the M3 fibers arched over the caudate (as verified in cases prepared in the coronal dimensionsee Figure 11 ), then curved slightly laterally, bending around the gray matter mass (Figure 5e ) to enter the ICa (Figures 2e and 5f ). At superior IC levels, the M3 pathway occupied the anterior half of the anterior limb (Figure 5f ,g), spanning across medial and lateral regions of the ICa (Figure 5g ). Although the medial occupation of this fiber bundle was anticipated, the emergence of numerous corticostriate projection fibers appeared to correlate with the lateral expansion on this fiber system, based upon relatively prominent terminal corticostriate projection patches noted in the head of the caudate. From this point, and quite distinguishable in the horizontal view, the bundle began descending at a very gradual angle of trajectory. In the horizontal plane, this correlated with the bundle appearing distinctly elongated, as it passed through upper levels of the anterior limb (Figure 5f,g ). At IC mid-levels, the labeled fascicle continued on a very gradual, descending course through the posterior half of the anterior limb, assuming a position favoring the medial side of the IC bordering the caudate nucleus (Figures 2h and 5h) . Passing inferiorly, the fibers remained in the caudal part of the ICa, but also entered the genu (Figure 5i ). At lower horizontal levels, including the ac-pc line, the fibers occupied the ICg and a small portion of the first quadrant of the ICp (Figure 5j,k) .
Transitioning from the IC to the midbrain, the M3 orofacial fibers immediately coursed medially to occupy the medial sector of the ccCP where they remained at superior and mid-levels of the midbrain (Figures 2f, i, 5l, and 10a, b) . At inferior levels of the ccCP the fiber bundle slightly expanded in the horizontal dimension, continuing to occupy the medial sector, but also part of the adjacent centromedial sector ( Figure   10c ,d).
| Trajectory of M4 orofacial fibers 3.5.1 | Corona radiata and internal capsule
Like all other pathways, the descending M4 orofacial pathway was studied in both horizontal (injection SDM14-FR) and coronal planes (SDM22-LYD) (Figures 4 and 8) . All injection sites were located in the lower bank of the cingulate sulcus at coronal levels immediately posterior to the midline crossing of the anterior commissure (Figures 2j, 3c, 4, and 8) . Like the other experimental medial wall cases (i.e., M2 and M3), the main fiber bundle emerged from the injection site and abruptly coursed posteriorly in the CR (Figures 3d and 5a-c) . Then, the labeled M4 fibers arched over the caudate (Figure 5d ,e), which was quite evident in the coronal sections of case SDM22-LYD, to briefly enter the superior-most part of the IC genu then ICp (Figure 5f ). Traveling through superior and middle IC levels, the M4 bundle occupied the medial side of the first quarter of the ICp (Figure 5f -h). At inferior IC levels, the pathway maintained its medial orientation but moved posteriorly to occupy the second quarter of the ICp, in close proximity to the M1 orofacial pathway (Figure 5i-k) .
| Midbrain cerebral peduncle
Once within the midbrain, the M4 orofacial fiber pathway occupied the centromedial sector of the ccCP (Figures 2l, 5l, and 10a ). Progressing inferiorly, the fiber bundle gradually expanded medially to occupy the centromedial and medial sectors (Figure 10b,c) . At the midbrainpontine isthmus the M4 pathway primarily occupied the medial sector and to some extent the posterior region of the centromedial sector of the ccCP (Figure 10d ). 
| Primary motor cortex experiment
In case SDM19 which was prepared in the horizontal plane, the M1 orofacial and arm pathways maintained a parallel course in the CR, moving toward the middle third of the CR with arm fibers located dorsal to orofacial fibers (Figure 7b-e) . Once within the superior region of the IC, M1 arm fibers were located posterior to M1 orofacial fibers with partial overlap (Figure 7f,g ). Overlap of the M1 orofacial pathway was also noted with the M2 arm pathway (Figure 7f,g ). At IC mid-levels to inferior levels, both M1 pathways continued to move in parallel, shifting to more a posterior region of the ICp, maintaining the same spatial relationship (Figure 7h-k) . In the midbrain ccCP M1 arm fibers were lateral to M1 orofacial fibers with some overlap (Figure 7l ,m) but at inferior midbrain levels there was complete overlap.
| Supplementary motor cortex experiments
With regard to the M2 experiments (SDM19 and SDM36), the orofacial and arm pathways in the CR were located rostral and caudal, respectively, to one another with some overlap (Figure 7b-e) . Within the superior region of the IC, M2 arm fibers were located posterior to M2 orofacial fibers with an intervening area of overlap which was quite evident in the horizontal plane (Figure 7f,g ). In the coronal view (case SDM36), at superior IC levels the region of overlap between the two pathways was found to be minimal, containing few blue (FD -arm) and brown (BDA-orofacial) commixed fibers. At IC mid-levels to inferior levels, both pathways moved posteriorly in the ICp, but the same spatial relationship was maintained (Figure 7h-k) . From the coronal view, and at inferior IC levels the zone of overlap contained considerable numbers of commixed blue and brown fibers. Once in the midbrain ccCP M2 arm fibers were lateral to M2 orofacial fibers with some overlap (Figure 7l ,m) whereas at inferior midbrain levels there was considerable fiber system overlap.
| Rostral cingulate motor cortex experiment
In the M3 double labeling experiment (Figure 8 , see SDM36) the brain was sectioned in the coronal plane, so the results will be described progressing from anterior to posterior levels of the brain (Figure 11 ). Fibers emerging from the more rostrally located FR injection site arched over the cingulum bundle and took a steep, inferiorly and laterally directed trajectory, passing over the head of the caudate and were first to enter the superior part of the ICa (Figure 11a-c) . From a mediolateral perspective FR labeled fibers occupied both regions (Figure 11c,d) . Progressing caudally in the brain, the FD fibers began to descend in the ICa when the posteriorly located BDA injection site appeared in cortex forming the lower bank of the cingulate sulcus (Figure 11b ,c). BDA fibers emerged from the site and coursed posteriorly, then inferiorly to also arch over the caudate nucleus to enter the ICa (Figure 11d ). When both fiber bundles were within the IC, the FD (orofacial) fibers were clearly ventral (inferior) to the more dorsally (superior) located bundle of BDA (orofacial and arm) fibers demonstrating a more advanced existence of the FD labeled fiber system (Figure 11d,e) . Notably, there was a label-sparse gap between dorsal edge of the main FD labeled fascicle, and the ventral edge of the main BDA labeled fascicle. Within the label-sparse zone, separating the two densely labeled fascicles, there were a few intermingled FD and BDA labeled fibers (Figure 11d ,e).
Moving posteriorly through the coronal sections, both fiber systems continued their descent in the IC, but also sustained their spatial separation ( Figure 11e ). However the number of labeled fibers found between the main fascicles of labeled fibers (i.e., in the intervening "label-sparse" zone) gradually increased in number, characterized by a significant commixture of both FD and BDA labeled axons ( Figure 11f ).
As the fiber bundles passed from the IC and into the midbrain, the pathways assumed a lateral (arm/orofacial fibers) to medial (orofacial fibers) orientation with some overlap (Figure 11g ). At inferior ccCP levels both pathways completely overlapped.
| Summary of orofacial pathway results
In the CR, each pathway was segregated as medial motor area fibers arched over the caudate nucleus and lateral motor area fibers arched over the putamen nucleus to enter the IC. Within the IC, the individual corticobulbar pathways were found to be widespread and topographically organized (Figure 12, top) . At superior IC levels, the corticobulbar projection from M3 coursed through the ICa and the projection from (Figure 4c-f ). This appears to be similar to the proposed location in the human brain based upon clinicopathological observations correlating lesion location with cranial nerve motor dysfunction.
In particular, CR lesions in patients located near, or just caudal to the midway point between the rostral and caudal poles of the lateral ventricle (i.e., central region of the middle third of the CR), result in bulbar/ facial paresis or dysarthria (Bradley, Hannon, Lebus, O'Brien, & Khadjooi, 2014; Kim & Pope 2005; Kwon et al., 2016; Tohgi, Takahashi, Takahashi, Tamura, & Yonezawa, 1996; Urban et al., 1999 Urban et al., , 2001 Song, 2007) . Not surprisingly, in the CR we found fibers from the dorsal part of the M1 orofacial representation course dorsal to fibers emerging from the ventral part of the orofacial region (Figure 9a,b) . Diffusion imaging observations have similarly shown segregated dorsal and ventral pathways emerging from the M1 orofacial region in the human brain (Jenabi, Peck, Young, Brennan, & Holodny, 2015; Li egeois, Tournier, Pigdon, Connelly, & Morgan, 2013) . A number of relevant investigations indicate these pathways may mediate similar, but somewhat distinguishable functional properties. Physiologically, stimulation of the dorsal M1 orofacial region in monkey primarily evokes movements in the face whereas the ventral region evokes tongue movements more so than facial movements (Cure & Rasmussen, 1954; Hatanaka, Tokuno, Nambu, Inoue, & Takada, 2005; Huang, Hiraba, Murray, Sessle, 1989; Huang, Sirisko, Hiraba, Murray, & Sessle, 1988; McGuinness, Sivertsen, & Allman, 1980; Murray & Sessle, 1992; Woolsey et al., 1952) . Related to these observations, we have shown that axons forming the ventral orofacial pathway give rise to more axon terminals in the hypoglossal nucleus than the dorsal pathway (Morecraft et al., 2014, see cases SDM32 and SDM66) . Although we found that the dorsal and ventral tracts are spatially segregated in the CR (Figure 9a,b) , once within the superior region of the ICp these bundles overlapped extensively (Figure 9c ). This identical fiber pattern of M1 orofacial dorsal and ventral tract segregation then IC pathway integration, as determined by MRI tractography, has been observed in the human subcortical white matter (Jenabi et al., 2015; Li egeois et al., 2013) . Possibly related to the finding of merged orofacial pathways are DBS observations obtained from neurosurgical exploration of the IC at the AC-PC level demonstrating that co-activation of face and tongue muscle contractions occur extensively (59-62%) (Duerden et al., 2011) . Collectively, these observations do not lend support the classical anatomical description of M1 orofacial fibers passing through the genu of the IC (e.g., Adams et al., 1997; Brazis et al., 2011; Campbell, 2013; Standring, 2016) . This would be in accord with classical DBS observations who found corticobulbar pathways were located posterior to the genu (Bertrand et al., 1965; Guiot, Rougerie, Sachs, & Hertzog, 1958) . (Ramnani et al., 2006) . In the midbrain, we found the M1 orofacial projection resides primarily in the centromedial sector of the ccCP in accord with previous evidence (Barnard & Woolsey, 1956; Schmahmann et al., 2004) (Figures 7l-m and 10a,b) . Additionally, our findings show the M1 fiber bundle slightly expands to occupy the medial sector as well as the centromedial sector of the ccCP at the midbrain-pontine isthmus (Figure 10d ).
Lateral premotor cortex
Over the years, there have been a considerable number of studies reporting the afferent and efferent connections of the ventral region of
LPMCv. However, we are unaware of experimental work characterizing the anatomical course of the descending projection from this brain region. Our findings in the CR reveal that the ventral LPMCv projection is spatially separate from the M1 orofacial projection, residing directly anterior to the M1 projection (Figure 5d-f ). This relative relationship continues throughout the ICp (Figure 5g-k) . Additionally, we also found the ventral LPMCv projection in the ccCP resides medial to the M1 projection with overlap that increases as these pathways approach the midbrain-pontine junction, where there is extensive overlap (Figure 10 ).
We are aware of one report that has characterized the descending projection from the dorsal part of LPMCv through the IC (Fries et al., 1993 ) and it appears as if our findings are quite similar. Specifically, 
| Medial cortical pathways (M2, M3, and M4) Supplementary motor cortex
Only one other study has provided information on the descending course of the orofacial projection from M2. It was mentioned that the M2 orofacial projection coursed through the anterior limb of the IC then genu to directly enter the ccCP (Schmahmann et al., 2004) . Our findings support this when considering the tract position at upper IC levels, but not at middle and inferior IC levels. For example, we found the M2 orofacial projection passes over the caudate then through the ICa then ICg at superior levels (Figure 7f,g ). However, the main bundle then enters the anterior quarter of the ICp where it resides for most of its descending course (Figure 7h-j) . This subcortical route appears to be similar to the human pathway as determined using diffusion weighted imaging and probabilistic tractography methods in control subjects. For example, Newton and colleagues describe the supplementary motor cortex tract as passing close to the head of the caudate nucleus, entering the anterior limb then genu at superior IC levels, then shifting to occupy the ICp inferiorly (Newton et al., 2006) .
Within the midbrain ccCP we found the M2 orofacial projection to be positioned medial to the M1 orofacial projection (Figures 7l,m and   10a ). A similar conclusion was reached by Schmahmann et al. (2004) .
Our studies further demonstrate that overlap between these tracts gradually increase inferiorly in the ccCP (10b,c), attaining complete overlap at the midbrain-pontine isthmus (Figure 10d ).
Cingulate motor cortex
This report is the first to document the anatomical location of the descending projection from the orofacial region of the rostral and caudal cingulate motor areas. Overall, the M3 projection maintained the most rostral position in the CR and IC of all motor pathways studied, whereas the M4 projection traveled posteriorly, in close proximity to the M1 orofacial projection. Specifically, the M3 orofacial projection coursed within the ICa (Figure 5f -i) until approaching the AC-PC level where it moved to primarily occupy the ICg (Figure 5j ,k). It has been shown in the monkey that both M3 and M4 orofacial regions have direct projections to the facial nucleus (Morecraft et al., 2001 ) and hypoglossal nucleus (Morecraft et al., 2014) . If the rostral cingulate motor system (M3) is present in the human brain as suggested by functional imaging and stimulation studies (Chassagnon, Minotti, Kremer, Hoffmann, & Kahane, 2008; Hanakawa, Dimyan, & Hallett, 2008; Paus, Petrides, Evans, & Meyer, 1993; Picard & Strick, 1996; Sohn et al., 2004; Talairach et al., 1973) , this may account for orofacial movements elicited during DBS of the ICa for the treatment of neuropsychiatric disorders (Okun et al., 2004; Springer, Bowers, Goodman, Shapira, Foote, & Okun, 2006) and orofacial motor deficits reported following localized ICa injury (Adams et al., 1983; Caplan et al., 1990; Ichikawa & Kageyama, 1991; Kumral et al., 2007; Maestroni et al., 2006; Ozaki et al., 1986) . Additionally, since we found the M2 orofacial projection to pass through the ICa, this may also factor into these clinically relevant movement-related observations. Further consideration the musculotopic-related organization of the corticofacial projection from M2 and M3 (Morecraft et al., 2001) suggests that some movements elicited from the ICa, and related motor deficits following ICa injury, may present in the upper facial musculature. Within the crus cerebri, the M3 projection assumed the most medial position of all fiber systems studied, corresponding to the same location harboring descending fibers from the prefrontal cortex (Beck, 1950; Brodal, 1981; Bucy, Ladpli, & Ehrlich, 1966) (Figure 10 ). By contrast, the M4 projection overlapped considerably with the M1 projection in the centromedial region at upper and middle ccCP levels ( Figure 10 ). Thus, cingulate motor cortex orofacial projections occupy extensive parts of the midbrain ccCP.
| Subcortical localization of orofacial and arm representation
We examined the spatial relationship between the orofacial and arm pathways in M1 and M2 due to their robust corticobulbar and corticospinal projections (Dum & Strick, 1996; Maier et al., 2002; McNeal et al., 2010; Morecraft et al., 2001 Morecraft et al., , 2013 Morecraft et al., , 2014 , and potential importance of their spared descending axon pathways in recovery of motor function following unilateral capsular ischemia and superficial middle cerebral artery infarction (McNeal et al., 2010; Morecraft et al., 2015a Morecraft et al., , 2016 . We found the M1 arm pathway entered the ICp at superior levels to occupy a location between the second and third quarter of the ICp throughout its descent (Figure 7f-k) . This evidence brings further confirmation of the macaque M1 arm tract location as previously reported (Fries et al., 1993; Morecraft et al., 2002) . In contrast, we found the M2 arm pathway to briefly pass through the ICg region superiorly, then reside between the first and second quarter of the ICp (Figure 7h -j) as previously described (Morecraft et al., 2002) . (Bertrand et al., 1965; Duerden et al., 2011; Hanaway & Young, 1977; Hardy et al., 1979) .
Indeed in the monkey, the M1 orofacial projection to the facial nucleus and hypoglossal nucleus is robust (Jenny & Saper, 1987; Kuypers, 1958a; Morecraft et al., 2001 Morecraft et al., , 2014 . Although not as dense as the M1 arm corticospinal projection (Boudrias et al., 2006; Boudrias, Lee, Svojanovsky, & Cheney, 2010; Dum & Strick, 1996; Maier et al., 2002; Morecraft et al., 2014) , the M2 arm corticospinal projection is characterized by heavily distributed terminal boutons in the spinal intermediate zone and moderate numbers of terminal boutons in motoneuron laminae IX of the anterior horn (Dum & Strick, 1996; Lemon et al., 2002; Maier et al., 2002; McNeal et al., 2010; Rouiller, Moret, Tanne, & Boussaoud, 1996 (Figure 12 , bottom) and may contribute to DBS induced muscular co-activations and fractured somatotopy found in the region of the ICa, ICg, and anterior part of the ICp.
| Additional clinical considerations
Clinocopathological studies have advanced the suggestion that upper extremity motor recovery potential is likely to decrease as localized injury involves progressively lower white matter locations along the CR/IC axis (Chamorro et al., 1991; Shelton & Reding, 2001 ). In our previous report on subcortical white matter organization in monkey, we presented strong support for this proposal due to the widespread distribution of arm pathway organization found in the CR and at upper IC levels (Morecraft et al., 2002) . Hypothetically, this dispersed pathway organization, if present in the human brain, would increase the probability of spared descending arm pathways, and correlate with acute upper extremity dysfunction and favorable levels of motor recovery. In further agreement with the clinicopathological interpretations, our data suggested that motor deficit severity would increase, and motor recovery potential would concurrently decrease following isolated injury seated at lower IC levels. This premise is based upon the progressively compact and commixed relationship of arm fiber pathway organization at lower IC locations (Morecraft et al., 2002) . The present findings of dispersed orofacial pathway distribution in the CR followed by the gradual convergence of these fiber systems at middle and lower IC levels suggest the same predictions can be advanced for recovery potential of cranial motor function. That is, localized injury to the CR and upper IC may correlate with acute motor deficits and significant recovery potential of craniofacial movements, while injury of similar magnitude but sustained at lower IC levels may correlate with more severe and prolonged orofacial deficits, as well as poorer recovery prognosis due to the potential destruction of a large number of orofacial motor fibers located in a confined subcortical space.
We advanced an additional clinocoanatomical concept related to the anterior-posterior organization of arm representation within the IC, suggesting that motor deficits would gradually increase with lesions located progressively more posteriorly in the IC, and be maximal at the location where the M1 arm area tract resides (Morecraft et al., 2002) .
Factored into this prediction were the relative number of corticospinal soma present within the various arm-related motor areas of interest (Dum & Strick, 1991; Galea & Darian Smith, 1994; He, Dum, & Strick, 1993; He, Dum, & Strick, 1995; Murray & Coulter, 1981; Nudo & Masterton, 1990) , and corresponding terminal density of each respective corticospinal projection (Dum & Strick, 1996; Maier et al., 2002; McNeal et al., 2010; Morecraft, Louie, Schroeder, & Avramov, 1997; Morecraft et al. 2013) . This supposition has since received significant clinical support from several groups applying diverse experimental approaches in patients presenting with upper extremity dysfunction and localized IC damage (e.g., Fridman et al., 2004; Schaechter, Perdue, & Wang, 2008; Schiemanck, Kwakkel, Post, Kappelle, & Prevo, 2008; Wenzelburger et al., 2005) . Based upon our new orofacial pathway findings, and the relative strength of each motor areas terminal projection to the facial and hypoglossal nuclei (Morecraft et al., 2001 (Morecraft et al., , 2014 , we can advance a similar clinicoanatomical prediction. Namely, more anteriorly seated capsular lesions that include the ICa, ICg, and
anterior-most region of the ICp, may result in moderate to mild orofacial deficits accompanied by promising recovery potential. As mentioned, because we found M2 and M3 orofacial tracts to be located in this capsular region, upper facial muscles may be affected to a greater degree compared to lower facial muscles. On the contrary, posterior
ICp lesions that involve the M1 orofacial pathway may give rise to more severe orofacial deficits (specifically in the lower facial muscles) and correlate with relatively prolonged and less complete levels of recovery. Finally, it is important to note that the orofacial tract from LPMCv, which primarily innervates lower facial muscles as does M1 (Morecraft et al., 2001; Morecraft, Stilwell-Morecraft, & Rossing, 2004) , was also found to pass through the IC genu (Figure 5f -h). Thus, injury affecting superior ICg levels may compromise lower facial movements by disruption of LPMCv corticobulbar axons. This may underlie the traditional teaching of IC genu orofacial representation and possibly correspond to the clinical observations reporting orofacial deficits following ICg injury (Bogousslavsky & Regli, 1990; Chung et al., 2000; Rousseaux et al., 1987; Tatemichi et al., 1992; Tredici et al., 1982; Urban et al., 1996 Urban et al., , 1997 .
In terms of midbrain fiber passage, we discovered orofacial path- & Codina, 1991; Bogousslavsky, Maeder, Regli, & Meuli, 1994; Caplan, 1980; Hommel & Besson, 2001; Tuttle & Reinmuth, 1984) . Thus, damage to orofacial fiber tracts located medially in the ccCP (e.g., M2 and M3) may contribute to the marked presence of dysarthria following anterior medial vascular occlusions , whereas dysarthria and facial paresis that accompany anterior lateral ischemia may be a manifestation of compromised M1 orofacial tract fibers. Indeed, the M1 orofacial pathway location as identified in the present report, would theoretically be positioned in the medial most part of the anterior lateral vascular territory.
Finally, we noted a particularly vulnerable region of fiber passage at the level of the midbrain-pontine isthmus where all five orofacial pathways overlapped medially (Figure 10d ). This is the identical anatomical location and overlap pattern that we previously found for all five descending cortical motor arm tracts (Morecraft, McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007) . Taken together, these observations suggest that bilateral destruction of this critical mesencephalic region could result in comprehensive loss of all major corticobulbar and corticospinal projection systems, and account for the absence of orofacial and upper extremity movement that in part, characterize midbrain "locked in syndrome" (Bauer, Gerstenbrand, & Rumpl, 1979; Carrai et al., 2009; Chia, 1991; Dehaene & Dom, 1982; Fujimoto, Ohnishi, Wakayama, & Yoshimine, 2011; Meienberg, Mumenthaler, & Karbowski, 1979; Park, Sohn, & Kim, 1997; Zakaria & Flaherty, 2006) .
| C O NC LU D I NG RE M A RK S
Understanding the complexity of subcortical white matter organization remains a priority in the clinical setting for neurosurgical planning and understanding stroke symptoms and recovery of function. Our results, derived in the non-human model, provide a theoretical template to assist in advancing our understanding of human subcortical orofacial representation for prospective diagnosis and therapeutic intervention following subcortical white matter injury. Potentially relevant are our findings suggesting that white matter lesions involving the superior region of the CR/IC/ccCP axis may lead to favorable prognosis of orofacial recovery due to the dispersed nature of pathway organization. In contrast, inferior lesions may be associated with greater motor deficits and poorer recovery due to the compact nature of orofacial pathway organization. Efforts mapping the anatomical trajectory of descending orofacial pathways using evolving tractography methodologies may also benefit from these observations. Last, our capability to determine axon pathway position and spatial inter-relationships of multiple descending orofacial representations in the non-human primate, particularly in the region of the internal capsule may aid in neurosurgical preparation, and interpreting movement responses elicited from deep brain stimulation during stereotaxic navigation for the treatment of intractable movement disorders and psychiatric illness.
